The electrochemical reduction of CO2 is known to be influenced by the identity of the alkali metal cation in the electrolyte; however, a satisfactory explanation for this phenomenon has not been developed. Here we present the results of experimental and theoretical studies aimed at elucidating the effects of electrolyte cation size on the intrinsic activity and selectivity of metal catalysts for the reduction of CO2. Experiments were conducted under conditions where the influence of electrolyte polarization is minimal in order to show that cation size affects the intrinsic rates of formation of certain reaction products, most notably for HCOO -, C2H4, and C2H5OH over Cu(100)-and Cu(111)-oriented thin films, and for CO and HCOO -over polycrystalline Ag and Sn. Interpretation of the findings for CO2 reduction was informed by studies of the reduction of glyoxal and CO, key intermediates along the reaction pathway to final products. Density functional theory calculations show that the alkali metal cations influence the distribution of products formed as a consequence of electrostatic interactions between solvated cations present at the outer Helmholtz plane and adsorbed species having large dipole moments.
Introduction
The electrochemical reduction of CO2 offers a means for storing electrical energy produced by renewable but intermittent resources, such as wind and solar radiation. 1, 2 Hydrocarbons and alcohols, rather than carbon monoxide and formic acid, are the preferred products of CO2 reduction because of their high energy density. Despite extensive efforts aimed at identifying electrocatalysts that can produce these products, copper (Cu) remains the only material capable of doing so with significant yields. [3] [4] [5] Nevertheless, Cu requires a high overpotential (~−1 V versus RHE) and produces a broad spectrum of products. 6, 7 Clearly, the discovery of novel means for reducing CO2 to desirable products with higher efficiency and selectivity is needed. To do so requires understanding the fundamental processes occurring at the electrode surface. In addition to metal-adsorbate interactions, a full description of electrochemical reactions must include the effects of solvation and interfacial electric fields. A number of studies have shown that one way of influencing the product distribution is through changes in the electrolyte cation. [8] [9] [10] [11] [12] [13] The role of cations is particularly interesting because a number of studies have shown that both the activity and selectivity of Ag, Hg, and Cu for the CO2 reduction reaction (CO2RR) are influenced significantly by the size of the alkali metal cation in the electrolyte. [8] [9] [10] [11] [12] [13] Similar effects have also been observed for the electrochemical reduction of oxygen, the oxidation of hydrogen, and the oxidation of low molecular weight alcohols. [14] [15] [16] [17] [18] For Ag and Hg, which are selective for CO2 reduction to carbon monoxide (CO) and formate anions (HCOO -), respectively, increasing the alkali metal cation size increases the rates of formation of these products. 8, 10, 11 For Cu, increasing alkali metal size leads to higher selectivities to C2
products, e.g., ethylene and ethanol. 9, 12, 13 Explanations for these phenomena have been attributed to differences in local pH, or differences in kinetic overpotentials due to the electrochemical potential in the outer Helmholtz plane being affected by cation size. 8, 10, 11, 13 4
One of the challenges to finding a consistent interpretation for the effects of cation size on the intrinsic kinetics of CO2 reduction is that many studies are carried out under conditions where mass transport also contributes to the observed activity and product distribution. In recent study, we reported the effects of cation size on the rate of the CO2RR under strong mass-transport limitations. 13 We showed that the increase in pH and the decrease in CO2 concentration near the cathode, caused by inadequate mass transfer through the hydrodynamic boundary layer in front of the cathode, could be offset by the hydrolysis of solvated cations. We showed that the increased buffering effect of solvated cations with cation size could be captured theoretically and suggested that this effect is responsible for the observed changes in the overall current density and the distribution of product current densities with cation size.
In this work, we present a combined experimental and theoretical study of the effects of electrolyte cation size on the intrinsic activity and selectivity of metal catalysts for the reduction of CO2.
In contrast to earlier studies, experiments were conducted at sufficiently low applied voltages to avoid the effects of concentration polarization of the electrolyte, so that the influence of cation size on the intrinsic activity and selectivity of each catalyst could be observed. Most of our work was conducted using epitaxially grown Cu(100) or Cu(111) thin films; a more limited study was carried out using polycrystalline Ag and Sn films. Density functional theory (DFT) calculations were used to investigate how cations and cation size affect the stabilization of reaction intermediates involved in the reduction of CO2. These calculations demonstrate that adsorbed species with large dipole moments oriented away from the solvent are stabilized by electrostatic interactions with solvated cations, while trends in activity with cation size arise from differences in ion concentration at the Helmholtz plane.
Methods

Electrode Preparation
5
Single-side polished Si(100) or (110) wafers (Virginia semiconductor, 1-10 Ω cm) were diced into ~4 cm 2 sized pieces that were then used as electrode substrates. Prior to Cu deposition, the native oxide was removed from the Si substrates by submerging them in a 10% HF solution for 5 min. Immediately after HF etching, the Si pieces were transferred to a vacuum chamber for sputter deposition of Cu in an AJA ATC Orion-5 sputtering system. The base pressure of the sputtering system prior to deposition was ~2x10 -7 torr. The flow rate of the sputtering gas (Ar) was 25 sccm and the sputtering pressure was adjusted to 2x10 -3 torr by controlling the speed at which the chamber was pumped, using a variable butterfly valve. Cu (99.999% Kurt Lesker) was deposited at a rate of 1 Å/s, as determined by a calibrated quartz crystal monitor, at ambient temperature. The total film thickness deposited was 100 nm. Polished, polycrystalline foils of Ag and Sn (99.99% Alfa Aesar) were also used as electrodes without further preparation.
Electrode Characterization
The structure of the Cu thin films was characterized by X-ray diffraction. The orientation and epitaxial quality of the films were determined using symmetric θ-2θ scans, in plane ϕ scans, ω scans or rocking curves, and pole figures. XRD patterns were taken with a PANanalytical X'Pert diffractometer, which uses a Cu Kα (λ = 1.54056 Å) X-ray source. Symmetric θ-2θ scans were collected on samples fixed onto a flat glass slide in locked-coupled mode with a goniometer resolution of 0.001°. Measured diffraction patterns were compared to known standards taken from the International Center for Diffraction Data (ICDD) PDF4 database (card #71-4610 for Cu).
Electrochemical Measurements
All electrochemical experiments were conducted in a gas-tight electrochemical cell machined from polyether ether ketone (PEEK). 19 The cell was cleaned with 20 wt. % nitric acid and oxidized in UVgenerated ozone for 15 min prior to the initiation of an experiment. The working and counter electrodes were parallel and separated by an anion-conducting membrane (Selemion AMV AGC Inc.). A gas dispersion frit was incorporated into the cathode chamber to provide vigorous electrolyte mixing. The exposed geometric surface area of each electrode was 1 cm 2 and the electrolyte volume of each electrode chamber was 1.8 mL. The counter electrode was a Pt foil (99.9% Sigma Aldrich) that was flame annealed 6 prior to each experiment. The working electrode potential was referenced against an Ag/AgCl electrode (Innovative Instruments Inc.) that was calibrated against a homemade standard hydrogen electrode (SHE).
0.05 M M2CO3 (M referring to an alkali metal cation) solutions were prepared by mixing ultra-pure salts (Sigma Aldrich 99.995%) and 18.2 MΩ DI, and were used as the electrolyte without further purification.
The cathode chamber was sparged with CO2 (99.999% Praxair) at a rate of 5 sccm for 20 min prior to and throughout the duration of all electrocatalytic measurements. Upon saturation with CO2 the pH of the electrolyte was 6.8, which was maintained throughout the duration of electrolysis.
Electrochemical measurements were performed using a Biologic VSP-300 potentiostat. All electrochemical data were recorded versus the reference electrode and converted to the RHE scale. 
Product Analysis
The effluent from the electrochemical cell was passed through the sampling loop (250 μL) of an Agilent 7890B gas chromatograph equipped with a pulsed-discharge helium ionization detector (PDHID).
He (99.9999% Praxair) was used as the carrier gas. The effluent of the electrochemical cell was sampled every 14 min. The gaseous products were separated using a Hayesep-Q capillary column (Agilent) connected in series with a packed ShinCarbon ST column (Restek Co.). The column oven was maintained at 50 °C for 1 min followed by a temperature ramp at 30 °C/min to 250 °C, which was maintained for the duration of the analysis. The signal response of the PDHID to each gaseous product was calibrated by analyzing a series of NIST-traceable standard gas mixtures (Air Gas).
The electrolyte from both electrode chambers was collected after electrolysis and analyzed using a Thermo Scientific UltiMate 3000 liquid chromatograph equipped with a refractive index detector (RID).
The electrolyte aliquots were stored in a refrigerated autosampler until analyzed in order to minimize the 7 evaporation of volatile products. The liquid-phase products contained in a 10 μL sample were separated using a series of two Aminex HPX 87-H columns (Bio-Rad) and a 1 mM sulfuric acid eluent (99.999%
Sigma Aldrich). The column oven was maintained at 60 °C for the duration of the analysis. The signal response of the RID to each liquid-phase product was calibrated by analyzing standard solutions of each product at a concentration of 1, 10, and 50 mM.
Theoretical Calculations
Plane-wave density functional theory (DFT) employing periodic boundary conditions was used for all calculations in this study. The Quantum ESPRESSO 20 code and the Atomic Simulation Environment (ASE) 21 were used, along with ultrasoft pseudopotentials and the Bayesian error estimation exchange-correlation functional with van der Waals interactions (BEEF-vdW). 22 This functional has been optimized for both chemisorption energies and long-range van der Waals interactions. For all calculations, a plane-wave cutoff of 500 eV and a density cutoff of 5000 eV were used, based on convergence tests from previous studies. 23 A Monkhorst-Pack 24 k-point grid of (4×4×1) was used for (3×3) cells while a (2×2×1) grid was used for (6×6) cells. All systems were modeled using a periodic Cu(111) slab, two ice-like water bilayers, the solvated ion and at least 12 Å of vacuum perpendicular to the surface. The field effect on various CO2 adsorbates without ions or solvating waters was also investigated by applying a sawtooth potential in each simulation cell, for moderate field strengths where the vacuum energy remains above the Fermi level. 25 As an example, Figure S3 in the Supporting Information (SI) shows the average potential energy along the z-direction for CH3 on Cu (111), with an applied sawtooth potential.
Constrained minima hopping 26 (CMH) was used for the global optimization of water structures surrounding each solvated ion. CMH enforces molecular identity by constraining the atomic distances within each molecular entity through Hookean constraints. The atoms are thermalized in a MaxwellBoltzmann distribution at an initial temperature of 1000 K, then evolved through molecular dynamics and relaxed to locate new local minima. To save computational cost, CMH was performed on two layers of 8
Cu. The Cu atoms were fixed, while all others were allowed to relax. The convergence criterion for the CMH was satisfied when three successive lowest energy minima were found within 0.05 eV of each other. Thereafter, the system was relaxed until the forces on all atoms were less than 0.05 eV/Å. Finally, the third layer of Cu was added back into the system to perform a single point calculation and obtain a more accurate value for the energy. Epitaxially grown Cu thin films were used as electrocatalysts in order to have well-defined catalytic surfaces. 27 These films were prepared by radio-frequency sputtering of Cu onto silicon (Si) single crystal substrates, taking advantage of the epitaxial relationship between Cu and Si substrates of different orientations. [27] [28] Most of our studies were conducted on the Cu(100) surface because it has been
Results
Cation effects on Cu(100) and Cu(111) oriented films
shown that polycrystalline Cu consists mostly of (100) oriented crystallites and the Cu(100) surface has a higher selectivity to more desirable products such as C2+ hydrocarbons and oxygenates (e.g., ethylene and ethanol). [29] [30] [31] [32] Symmetric θ-2θ XRD patterns of 100 nm thick Cu films deposited on Si(100) and Si (110) substrates are shown in Figure 1 . The observation of a single Cu (200) The steady state activity and selectivity of the Cu(100) surface was investigated in CO2-saturated bicarbonate electrolytes containing different alkali metal cations, by using potentiometric electrolysis at potentials from −0.7 to −1.1 V vs the reversible hydrogen electrode (RHE). Figure 2 shows the total current density as a function of electrolyte cation at various potentials. From both steady state potentiostatic and potential sweep measurements, it is clear that the total current density increases with cation size, and this trend is observed at all applied potentials. To identify the contributions to the increase in the total current density, we examined the effects of cation size on the product distribution. As large differences in total current density exist for electrolytes containing different cations, partial currents provide a better representation of trends in product formation rates than faradaic efficiencies. Complete information regarding faradaic efficiencies can be found in the supplementary information ( Figure S1 , Table S1 ). (Table S1) . A key finding is that the production rates of hydrogen and carbon monoxide are relatively unaffected by increasing cation size, whereas the rates of formate, ethylene, and ethanol formation increase monotonically with increasing cation size. The rate of methane production reaches a maximum for Na + -and K + -based electrolytes and is lower in all other electrolytes. The trends seen in Fig.   3 are consistent with previous amperometric measurements. 9 It is notable that these trends are independent of the applied overpotential.
To probe the effects of mass transport limitations, the CO2 flow rate into the electrochemical cell was varied. As the CO2 flow rate is increased, the hydrodynamic boundary layer thickness will decrease, resulting in a larger maximum diffusive flux of CO2 to the electrode surface. At low reaction rates (i.e., 12 low current densities), for which diffusion of CO2 is sufficiently rapid to prevent depletion at the cathode surface, increasing the flowrate of CO2 should have no effect on catalyst activity. Whereas under mass transport limited conditions, increased reactant availability will affect the product distribution measured.
13, 32 Figure 4 shows that doubling the CO2 flow rate from 5 to 10 sccm has no impact on the measured selectivity or activity of Cu (100) at −0.9 V vs RHE and −1.0 V vs RHE. However, at −1.1 V vs RHE, doubling the CO2 flowrate decreases the faradic efficiency to H2 and CH4 and increases the faradaic efficiency for C2+ products. As shown previously, these trends are due to the increased rate of mass transfer at higher gas flowrates, which improves the supply of CO2 to the cathode. 32 Therefore, the effects of cation size on the partial current densities observed in Figure 3 at potentials more positive than ~ −1.0 V vs RHE are ascribable to the influence of cation size on the intrinsic kinetics of Cu(100), particularly for the formation of formate, ethylene, and ethanol, and to a lesser degree, methane. increase with increasing cation size while rates of formation of H2, CO, and CH4 are less affected by cation size. However, the effect of cation size is more pronounced on the close-packed surface, resulting in high selectivity (~40% FE) to C2H4 in CsHCO3 even on a Cu(111) surface, which is known to be more selective for producing CH4 than C2H4 in K + -containing electrolytes. 
Relative effects of alkali metal cations
To further investigate the effects of the alkali metal cations, electrolysis was performed with mixtures of small (Li + ) and larger (Na + , K + , Cs + ) cations in the electrolyte, maintaining the total salinity at 0.1 M. The results are shown in Figure 6 . It is evident that the composition of the electrolyte has a noticeable effect on the partial currents for HCOO -, C2H4, and C2H5OH. No significant effect on the partial currents of H2, CO, and CH4, was observed. For the latter three products, the effect of the larger cation dominates that of the Li + cation, and even at relatively low percentages of the larger cation.
Conversely, an electrolyte mixture that is dilute in the smaller cation results in identical selectivity to a solution that does not contain the small cation. These results suggest that the concentration of larger cations near the cathode surface is larger and/or that the larger cations have a much more significant promotional effect on the production of C2H4, C2H5OH, and HCOO -. 
Cation effect on polycrystalline Ag and Sn
As carbon monoxide is a reaction intermediate which undergoes further reduction on Cu, the production rate of CO itself is less straightforward to interpret than that of the other major products. 37 Therefore, to investigate the effect of cation size on CO production, and to provide further insights into the trends observed for Cu(100) and Cu(111), experiments were conducted on polycrystalline Ag and Sn foils-metals that selectively produce CO and HCOO -, respectively. 3, 38 As seen in Fig. 7 , the current densities for CO and HCOO -production on both metals increases with cation size. This suggests that increasing cation size facilitates activation of CO2. Here again, we see that as with Cu(100) and Cu(111), the rate of H2 evolution is unaffected by cation size. These trends are also consistent with previous literature reports. 8-11, 13, 39 
Cation effects on elementary reaction steps: reduction of intermediates
As shown above, the size of the electrolyte cation influences the formation of C2 products. Recent theoretical studies suggest that C-C bonds are formed via the reaction of two molecules of adsorbed CO or by the reaction of adsorbed CO with a formyl group, HCO. 40 A recent study has shown that the latter process dominates at applied potentials near -1 V and leads to the formation of adsorbed HC(O)-C(O) species, which then undergoes hydrogenation to form C2H4 or CH3CHO and C2H5OH. 40 Experimental studies suggest that the precursor to CH3CHO and C2H5OH is glyoxal (OHC-CHO). 41 Therefore, to investigate which steps in the formation of C2 products are affected by the electrolyte cation size, we carried out experiments in electrolyte containing glyoxal. As shown in Figure 8 , cation size has no effect on the partial currents of CH3CHO and C2H5OH formation, which in this case require no C-C bond formation as glyoxal is the starting reagent. Consistent with previous observations, no C2H4 was observed during the hydrogenation of glyoxal. 41 These findings strongly suggest that the size of the electrolyte cation affects the rate of C-C bond formation, the rate increasing with increasing cation size, but has a negligible effect on the hydrogenation of glyoxal to CH3CHO and C2H5OH.
As larger cations facilitate CO2 activation, evidenced by the increase in rates to CO and HCOO -(see Figure 3 ), experiments were carried out in electrolyte solutions saturated with CO but free of dissolved CO2, in order to assess whether an increase in the surface coverage of adsorbed CO relative to adsorbed H favors C-C coupling. Consistent with the results for CO2 reduction over Cu(100), no change in methane activity with cation size was observed from CO reduction at −1 V vs RHE. Figure 8b clearly shows that the rates of C2H4 and C2H5OH formation increase with increasing cation size. We note that the magnitude of this effect is comparable to that observed during the reduction of CO2, which shows that the effect of cation size on the formation of multicarbon products cannot be ascribed solely to more facile CO2 activation.
Discussion
Cation promoter effects
The data presented in this study demonstrate that the size of the alkali metal cations in the electrolyte affects the intrinsic rates of formation of certain reaction products. On Cu (100) and Cu (111), We propose that the energetics for the formation of HCOO -and C2 products are influenced by the presence of hydrated alkali ions located at the edge of the Helmholtz plane, and that the observed effects of cation size are attributable to differences in the cation concentration in the outer Helmholtz plane. This explanation is supported by DFT calculations performed using minimum energy structures of solvated cations at the interface. Since both Cu(100) and Cu(111) surfaces show consistent trends in activity with respect to alkali cation size, the close-packed Cu(111) surface was chosen for the DFT simulations, which has also been frequently used in previous theoretical CO2R studies [42] [43] [44] [45] and where the water structure is more well-defined. 46 Because the potentials applied during CO2 reduction are much more negative than the potential of zero charge (PZC) of the low-index facets of Cu ~ −0.7VSHE
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, solvated cations should accumulate near the surface of the electrode during reaction. 40, 48 Given the very negative reduction potentials of alkali ions, they do not chemisorb under CO2 reduction conditions. There is also evidence from studies of oxygen reduction that the cations remain partially solvated at the interface. 49 The presence of the cation at the metal surface gives rise to high electric fields of ~ −1 V/Å in the vicinity of the ion. 25, 50 In contrast to classical continuum models of the electrochemical interface, the fields are highly localized when the structure of the cation and solvating waters is modeled explicitly. Refs. 25, 50 show that such fields extend roughly 5 Å from the center of the solvated cations and outside of this region decay to zero.
The strength of the adsorbate-field interaction can be probed qualitatively by the application of a uniform field in vacuum. This approach circumvents the challenge of finding a global minimum in the water and solvated cation structure in the presence of various adsorbates on the surface, which introduces many more degrees of freedom than standard atomistic computations in heterogeneous catalysis. It has also been shown previously that the effect of alkali promoters in heterogeneous catalysis can be modeled 19 approximately by the effect of a uniform field. 51 The interaction energy between an adsorbate and a uniform electric field at the interface is given by
where µ and α are the dipole moment and the polarizability (respectively) of the adsorbate, and ε represents the electric field. Adsorbate dipoles oriented in the opposite direction of the field will be stabilized, and vice versa. Figure 9 shows the field stabilization for various adsorbates that have been proposed to be involved in the electrochemical reduction of CO2 on Cu(111). 43, 49, 52 The change in adsorption free energy for each species was determined by applying a uniform field oriented perpendicular to the surface in vacuum. 43 The corresponding values of µ and α, determined by fitting Eq. (1) the calculated data, are given in Table 1 . We note that H* does not have a significant value of µ and is not affected by the electric field, which is consistent with previous experimental studies that have shown that hydrogen adsorption is unaffected by the identity of the cation in solution. [14] [15] [16] Since the energy for hydrogen adsorption is a descriptor for the hydrogen evolution activity on metals, the rate for hydrogen production should also be relatively insensitive to the identity of the cation, consistent with the experimental data presented here. 53 Recent calculations of the electrochemical barriers for CO2 reduction using an explicit solvent model have shown that reduction of *CO to form *CHO is the limiting step for CH4 formation. 43 Since the value of µ for *CHO is zero, the cation-induced field would stabilize *CO and therefore increase the energy barrier for hydrogenation to *HCO, the rate-limiting step on the path to CH4 formation. Therefore, CH4
formation should occur in regions of the catalyst that are not strongly influenced by the cations located at the outer Helmholtz plane, and correspondingly the partial current density for CH4 should not be strongly affected by cation identity, which is consistent with the trend in the experimental data shown above.
Figure 9: Field effects on various CO2R intermediates on Cu(111).
The energy of each adsorbate is plotted as a function of field strength, which is obtained by applying a uniform electric field oriented perpendicular to the slab. The curves are fit to Equation (1) and the corresponding dipole moment µ and polarizability α of the adsorbates are given in Table 1 . Solid curves highlight the adsorbates that are most strongly affected by an electric field. Adsorbates with positive dipole moments µ (oriented in the direction opposite to the electric field) are stabilized, while adsorbates with negative µ (aligned with the electric field) are destabilized. For adsorbates containing C=O bonds oriented perpendicular to the surface-in particular, *CO2, *OCCO, and *OCCHO-the field stabilization should be large, ~ 1 eV for fields of ~ −1 V/Å in the vicinity of the cations. As shown in Table 1 , these species have the largest dipole moments. Previous theoretical calculations have shown that on weakly binding metals such as Ag, the field-induced stabilization of *CO2 is crucial for the activation of CO2 to form CO. 25 The barrier for the hydrogenation of *CO2 to *COOH is generally very small, 54 so stabilization of *CO2 should increase the coverage of *COOH. The *COOH species can undergo further hydrogenation to form HCOOH or *CO. The chemical hydrogenation barriers for *COOH to form HCOOH are surmountable at 0.69 eV and 0.75 eV on Cu(111) and Cu(211) respectively, and 0.46eV on Ag(211), 23 consistent with increased HCOOH production observed on all of the surfaces investigated. For weakly binding metals such as Ag and Sn, the field effect would promote CO(g) production, whereas for moderate to strongly binding metals such as
Cu and Pt, *CO produced in the vicinity of a cation would also be field stabilized, thereby decreasing its desorption rate and increasing its *CO coverage there.
On Cu surfaces, formation of the initial intermediates to C2 products are also field-assisted. The greater stabilization of the *OCCO relative to 2*CO in the presence of a cation is due to the differences in the dipole moments of the product and reactant species, 36 which has the effect of lowering the barrier to C-C bond formation. In the absence of the cation-created electrostatic field and effects of solvation by water, the barrier for this process is not surmountable at room temperature. 55 At higher overpotentials, where *CHO can be produced, *CO-*CHO coupling would also be a feasible route towards C2 products, and the corresponding barrier should be similarly field-stabilized due to the large dipole on *OCCHO, as shown in Figure 9 . 40 Since the formation of glyoxal via addition of a hydrogen atom to *OCCHO is the first step along the path to forming ethylene and ethanol, the observation (see Figure 8 ) that the selectivity of products derived from glyoxal is independent of cation size suggests that the rate-determining step in formation of C2 products occurs at the point of C-C bond formation and prior to formation of glyoxal. 54 
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The net effect of increased CO production, CO coverage and C-C coupling on Cu on field-stabilized sites results in a net non-monotonic trend in the partial current density for CO with cation size.
While the influence of the cation-induced field at the catalyst surface can explain the role of cations in promoting elementary steps in the reduction of CO2 that involve strong dipole moments, it does not explain the observed trend with cation size. We therefore explored the possibilities that this effect is due to disparities in the magnitude of the electrostatic field induced by cations of different size and/or an increase in the concentration of solvated cations at the outer Helmholtz plane as a function of size.
Constrained minima hopping 26 (CMH) was used to obtain the optimized structure of water surrounding each solvated ion on Cu(111). The structures of the solvated ions are shown in Figure S5 and the distances of the solvated cation from the Cu(111) surface are given in Table S3 . Figure 10 shows that the calculated fields in the vicinity of adsorbed CO (*CO) do not show a systematic variation with cation size. Moreover, any differences in the binding energy of intermediates induced by cations would
give rise to exponential differences in current density, which we do not observe. We hypothesize, therefore, that the ion specificity arises from an increase in the concentration of cations at the outer Helmholtz plane with increasing cation size. To determine the driving force for each cation toward the Helmholtz plane from bulk solution, we used these globally optimized solvation structures for each cation (Table S3 ) and calculated the energy required to move a solvated cation from the bulk of the electrolyte to a fixed distance of 6.25 Å above the Cu(111) surface the (see the SI for details). Figure 11 shows this energy change with the cathode potential relative to that for Li + , ∆∆E. The potential U vs SHE is determined through:
where is the work function of the interface and is that corresponding to the standard hydrogen electrode, determined experimentally to be ~4.4eV. 56 The value of ∆∆E becomes more negative with increasing cation size, its magnitude increasing in the order Li + < Na + < K + < Rb + < Cs + . Therefore, the driving force for each cation to be at the Helmholtz plane relative to the bulk electrolyte increases with cation size. This trend suggests that the concentration of cations at the outer Helmholtz plane should increase with increasing cation size, leading to increased product current densities. Consistent with this reasoning, we observed (see Figure 6 ) that at a constant cation concentration, replacement of even a small fraction of Li + by Cs + results in a shift in the product distribution from one characteristic for Li + to one characteristic for Cs + . This supports the hypothesis that there is a stronger driving force for Cs + to be at the Helmholtz plane compared to Li + . Without this stronger driving force on Cs+ to be in the Helmholtz plane, the trends in Figure 6 would be linear. All energies are referenced to that for the Li + cation. The dependence of these energies on cathode potential results from the partial electron transfer to the ion upon migration from the bulk to the Helmholtz plane, and is reflected in Eq. 5. This energy becomes more negative with increasing ion size, suggesting a greater concentration of larger cations in the outer Helmholtz plane and giving rise to increased product current densities. The vertical dotted line indicates the potential for the standard hydrogen electrode.
Conclusions
The present study investigated the effects of electrolyte cation size on the activity and selectivity of metal catalysts used for the electrochemical reduction of CO2. The experimental work was conducted under conditions where the influence of electrolyte concentration polarization was negligible in order to avoid the additional influence of changes in pH and the consequent effects on the concentration of CO2 near the cathode surface. For polycrystalline Ag and Sn, increasing the size of the alkali metal cation in the electrolyte increases the partial current densities for HCOO -and CO, but has no effect on the partial current density for H2. Similar experiments conducted using Cu(100) and Cu(111) oriented films deposited on crystalline Si(100) and(111) surfaces show an increase in the current densities for HCOO -, C2H4, and C2H5OH but little to no effect on the partial current densities for H2, CO, and CH4 as the size of the electrolyte cation is increased.
The observed effects are interpreted on the basis of DFT calculations. Hydrated alkali metal cations in the outer Helmholtz plane create a dipole field of the order 1 V/Å, which can stabilize the adsorption of surface intermediates having significant dipole moments (e.g., *CO2, *CO, *OCCO). This field stabilization decreases the energy for the reduction of *CO2 adsorption, the precursor to two-electron products, and C-C coupling to form *OCCO or *OCCHO, the precursor to C2H4 and C2H5OH.
Calculations of the stability of the solvated cation in the Helmholtz plane indicate that larger hydrated cations are more energetically favored at the outer Helmholtz plane than smaller ones, which suggest a larger coverage of cations as cation size increases. This result is consistent with the experimental observation that a small percentage of larger cations has a large effect on product distribution.
These findings are consistent with the trends in partial current for C1 products observed on polycrystalline Ag and Sn and on Cu(100) and Cu(111) surfaces, and for C2 products observed on Cu(100) and Cu(111) surfaces. Also consistent with the conclusions drawn from the theoretical analysis is that cation size affects the partial currents for C2H4 and C2H5OH produced during the electrochemical reduction of CO over Cu(100) but has no influence on formation of these products upon reduction of glyoxal. The absence of cation size effect on the partial current for H2 produced on Ag, Sn, Cu(100), and
Cu (111) is attributed to the absence of a dipole for *H. Similarly, no effect of cation size on the formation of CH4 on Cu(100) and Cu(111) surfaces is expected since the field of a cation would tend to stabilize *CO more than *CHO, thereby increasing the energy for *CO hydrogenation to *CHO, the rate-limiting step leading to CH4.
Finally, we note that differences in the effects of electrolyte cation size on the formation of CO on Ag and Sn vs. Cu(100) and Cu(111) are attributable to the following considerations. For Ag and Sn, CO is a final product, and therefore only influenced by its formation by hydrogenation of *COOH which 26 should have an increased coverage from the field-stabilization of *CO2. In contrast, for Cu(100) and Cu(111), *CO is an intermediate in the formation of CH4. Since the dipole electrostatic field created by hydrated cations accelerates both the formation and consumption of *CO, there is no observable effect of cation size on the partial current for CO on Cu(100) and Cu(111).
